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The demand for environmental protection and energy utilization transformation has
promoted the rapid development of integrated energy systems (IES). Reliability evaluation
is a fundamental element in designing IES as it could instruct the planning and operation
of IES. This study proposes a novel data-driven reliability improvement and evaluation
method considering the three-state reliability model and an optimal service restoration
model (OSR). First, a multi-energy flow model is introduced and linearized in order to
reduce the computing complexity. Next, a three-state reliability model is developed,
considering the transitional process and partial failure mode. Furthermore, an optimal
service restoration model is established to determine the best repairment moment
for minimizing the load curtailment, and a data-driven reliability evaluation method is
developed that integrates OSR and models the stochastic state transition process using
the historical measurement data of the smart meters. Finally, the proposed reliability
evaluation method is tested on a test IES, and the numerical results validate its
effectiveness in evaluating the reliability of IES and improving the overall reliability.

Keywords: integrated energy system, partial failure model, repairment scheduling decision, optimal service
restoration, data-driven reliability evaluation

1 INTRODUCTION

Concerns over environmental pollution and fossil fuel depletion have been urging us to explore
more efficient and low-carbon energy utilization methods (Xu et al., 2020; Zhang et al., 2020;
LiP etal, 2021). The integrated energy system (IES) has received increasing attention
(Zhang G. et al,, 2021) as it has the merits of improved energy utilization efficiency and low
carbon emissions. The IES couples different forms of energy such as electricity, gas, and
heat in a synthetic manner and, thus, achieves mutual complementarity and support as well
as coordinated optimization of multiple energy scheduling (ZhangY.etal,2021). However,
the complex composition and structure of the IES also increase the operational complexity
remarkably, which exerts significant influence on the energy supplying reliability of IES and
poses a great challenge to the widespread application of IES (Li].etal,2021). Therefore,
it is imperative to investigate advanced reliability evaluation and improvement methods
for IES.

The reliability assessment for convention power systems has been extensively
investigated(Li, 2014). However, only a few efforts have been devoted to research on IES reliability
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evaluation and improvement. Basically, establishing the reliability
model of system components is the key step for analyzing
system operation status and assessing system overall reliability.
Zhangetal. (2018) and Yan etal. (2021) used a typical two-
state model of components to describe the reliability of IES
components and obtain the failure rate of the components based
on the statistical results. Bao et al. (2019) developed a multi-state
model for gas source, compressor, and gas storage to evaluate the
reliability of a natural gas system based on universal generating
function. Wang et al. (2013) proposed a state space method
based on the probabilistic analysis of the Markov model, which
uses a two-state model to analyze the sub-system of different
components and then further derives the reliability model of the
whole component. In the work of Fu et al. (2018), a data-driven
model was established to estimate the probability of incident of
an insufficient natural gas supply arising from the uncertainty of
weather as well as the impact on the reliability of IES. To sum
up, although aforementioned research works have made great
progress in the reliability modeling of multi-energy system, they
fail to account for the actual operating characteristics, transitional
process and heterogeneity of various components.

The reliability evaluation outcome heavily relies on the actual
applied evaluation method. Thus, developing an appropriate
reliability assessment method could benefit the stakeholders by
improving the evaluation accuracy. Up to now, several methods
have been proposed by researchers (Shariatkhah et al., 2015;
Ansari et al., 2020; Cao et al., 2021; Chietal., 2021). To name
a few, H. Wang. etal. (Cao etal., 2021) proposed a reliability
assessment framework combining IES dynamic optimal energy
flow and Monte Carlo simulation to identify the overall risk of
the multi-energy system. In the work of Shariatkhah et al. (2015),
a sequential Monte Carlo method incorporating Markov chains
is proposed to assess the energy supply reliability of IES.
Chietal. (2021) evaluated the probability distribution of each
functional state of the IES based on machine learning methods
and statistical methods. In the work of Ansari et al. (2020), a data-
driven method via mixture models and importance sampling is
proposed to construct time-dependent probability distributions
of wind-integrated systems. However, the aforementioned studies
mainly focus on improving the reliability evaluation efficiency
without considering the potential attempts like repair scheduling
to enhance the overall system reliability and fail to take into
account the impact of optimization of system operation on the
reliability outcome.

Generally, the influence of component failure can be
mitigated by the network reconfiguration and repair scheduling
optimization and thus the overall reliability can be improved.
In the work of Sultana et al. (2016), a comparative analysis of
reliability improvement and power loss reduction of distribution
networks was conducted using different network reconfiguration
technologies. Basically, the network can be reconfigured and
some of the affected load can be transferred without being
disturbed. However, the network reconfiguration can only
maintain partial load supply and cannot fully alleviate the
impact of the failure. In contrast, the system service restoration
optimization can be adopted to quickly schedule the repair crews
and restore the damaged components in order to minimize the

1)

2)

3)

impact of the failure. In the work of Lei et al. (2019), a method
of disaster recovery logistics is proposed to optimize service
restoration of the distribution network with the scheduling
of repair crews and mobile power sources. In the work of
Lietal. (2022), a multi-level collaborative optimization model
is proposed to integrate the repair unit scheduling and the
distribution network restoration. Inspired by these works, the
network reconfiguration and service restoration are integrated
in the reliability assessment method to improve the overall
reliability.

To sum up, most existing works have not considered the
influence of partial failure mode and optimization of system
operation on the IES reliability outcome. To fill this research
gap, this paper proposes an advanced data-driven reliability
evaluation and improvement method for IES considering partial
failure mode and optimal service restoration. Firstly, a three-
state reliability model has been developed for IES to describe
the component state transition. Secondly, the influence of
the repairment scheduling decision of damaged components
is analyzed and an optimal service restoration model is
established. Finally, a data-driven reliability evaluation method
incorporating the optimal service restoration has been developed.
The contributions of this paper are three-fold as follows.

A novel three-state reliability model is proposed, including
the full-up state, full-down state, derated state and the state
transition limits, which can better describe the actual operating
states of the components.

An optimal service restoration model is established considering
the three-state models and repair scheduling decisions. Using
the proposed model, the best repairment moment can be
autonomously determined so as to minimize the overall load
curtailment.

By integrating with the optimal service restoration model,
a data-driven reliability evaluation method is proposed.
Consequently, the overall reliability is enhanced and the
accuracy of the evaluation outcome is improved.

The remainder of the paper is organized as follows. Section 1
introduces the energy flow model of IES. Section 2 develops a
three-state reliability model for IES components and analyzes the
influence of the repair scheduling decision. Section 3 proposes
an optimal service restoration model and reliability evaluation
method for IES. Section4 implements the simulations and
discusses the numerical results. Finally, Section 5 concludes this

paper.

2 ENERGY FLOW MODEL OF THE
INTEGRATED ENERGY SYSTEM

IES integrates the electric power distribution network (DN),
natural gas network (NGN), and heat network (HN) through
the energy hub. The structure of the heat network is much
more complex than the natural gas network and electric power
distribution network. Hence, we did not consider the detailed
heat network structure for simplicity and concentrated on the
main purpose of our research. The structure of IES is illustrated in
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Figure 1. Substation and distributed generators, e.g., photovoltaic
systems (PV) and wind turbines (WT), are the sources of electric
energy, while the natural gas is provided by the natural gas
sources. The energy hubs are the energy conversion devices that
convert one type of energy into another type, consisting of electric
boilers (EB), combined heat and power generators (CHP), and
gas fired boilers (GB).

2.1 Electric Power Distribution Network
Model

Electric power is delivered through the DN to the end-use
customers. Generally, the DN is operated in a radial manner
(Zeng et al., 2016) and thus can be represented by a directed tree
G = (N, N,), where N; =0,1,...,N denotes the set of buses, and
N, denotes the set of branches. Note that each bus I except the
substation bus indexed by 0 has a unique parent bus labeled as IT..
Each bus i may have several child buses, and the set of child buses
of bus i is labeled as C;. Since each bus except bus 0 has a unique
incoming branch, the incoming branch can be labeled with the
index of the corresponding bus. Specifically, the branch pointing
from a parent bus II; to bus i is labeled as i for consistency.
Therefore, the set of branches can be expressed as N, =1,...,N
(Lietal., 2019).

To model the power flow in DN, the linear DistFlow model
(Yeh et al., 2012) is adopted as (1) by neglecting the line loss
and assuming a relatively flat voltage profile. The applicability of
the linear DistFlow model has been validated through its wide
applications in resolving practical operational issues in DN, such
as voltage violations (Zhu and Liu, 2015) and line overloading
(Haque et al., 2020).

Vi, = Vi=rP+xQ; Vi€N, (1c)

Eqs. 1a, 1b describe the active and reactive power balance
at each bus, where p, and g, are the active and reactive power
injection at bus i, P; and Q, are the active and reactive power on
branch i. Eq. 1a shows the voltage drop on branch i, where V, is
the voltage magnitude of bus i, r; and x; are the resistance and
reactance of branch i.

2.2 Natural Gas Network Model

Natural gas transmission and consumption in steady-state can be
described by the energy balance equation as Eq. 2 based on the
law of conservation of mass Abeysekera et al. (2016).

Af+L, =0, @)

where A, is the NGN node-pipe incidence matrix
(Osiadacz, 1987); f is the vector of pipeline flow of NGN; and
L, is the vector of nodal gas load.

As is known, the natural gas pipeline flow rate f,  is related
to the pressure difference between two terminal ends m and
n (Abeysekera et al., 2016). Low and medium pressure natural
gas networks can be represented by the well-known Lacey’s
equation (Abeysekera et al., 2016) as follows:

(T[m B nn)Ds
f,LS

where f  is the gas flow rate of the pipeline mn. When f,  is
positive, the gas flow is from node m to node n; otherwise, it
is from node n to node m. 7, and 7, are the air pressure at
nodes m and n, respectively; D is the diameter of the pipeline;
f, is the friction coefficient of the pipeline wall; L is the length

Vol = 32.7184 x 1078 (3)

Vmn € NP,

;- Z,P =P Vi€Ng (12)  of the pipeline; S is the specific gravity of the gas; N, is the set
s of NGN pipelines. Note that for a given natural gas network, the

parameters D, f,, S, and N, are known.
Q;- ZQJ. =—q;, VieN, (1b) It can be observed from Eq. 3 that the Lacey formula 3 is
J€Gi nonlinear. To reduce computational complexity, it is linearized

%
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FIGURE 1| Multi-energy flow diagram of IES.
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using the piece-wise linearization technique (Correa-Posada and
Sanchez-Martin, 2014). The nonlinear term |f,_|f, in Eq.3 is
generalized as h(x) = |x|x and f,  is denoted by a general notation
x. Since the gas flow rate f, is constrained by the pipeline
transmission capacity, without loss of generality, x is defined
within the interval [A,B], where A and B are associated with
the transmission capacity. The operating interval [A, B] is divided
into Z-1 segments and the value of h(x) at each segment is
represented by the line segment between h(X,) and h(X,,,) as
illustrated in Figure 2, where X, and X_,, are the two terminal
points of the z-th segment. Hence, the piece-wise linearized
approximation of h(x) can be represented by the following
equations:

zZ-1

h(x)=h (Xl) + z [h (XZ+1) —h (Xz)] 62’ (4a)

z=1

Z-1
x=X + z (Xz+1 _Xz) 6:’ (4b)

z=1
0,,1<0,<6, zell,....Z-2}, (4¢)
0<0.<1 ze{lnzZ-1}, (4d)

where §, is a continuous variable that represents the portion of
the z-th segment; o, is an auxiliary binary variable that indicates
whether x lies on the right-side of the z-th segment. Specifically,
ifX,<x<X,,,,theno,=1forallt<zand o,=0forall £ > z.

2.3 Energy Hub Model

The EH interconnects different energy systems and thus could
provide a certain degree of flexibility for the coordination of
multi-energy systems (Lei et al., 2018). In this paper, two types of
EH structures are used to model the energy conversion within the
multi-energy system, which is demonstrated in Figure 3. Type-A
EH consists of a distribution transformer (DT), CHP, and GB, and

h(x)=x|x| A

o Xs Xs X6 X7=B X

FIGURE 2 | Graphical illustration of the piece-wise linearization of function
h(x).

type-B EH is composed of DT, CHP, and EB. For both types of EH,
the input energy consists of electricity and gas, while the output
energy consists of electricity and heat. The energy conversion in
EHs can be described by the following equation:

[Lehe] i [(1—ve)f1DT (1=v )™ HPW], 5)

Lehh v, rIEB (1 _ Vg) ﬂshHP +7, ’163 pehe

where the superscripts ehe,ehg,andehh denote electricity,
natural gas, and heat, respectively; P and L are input and output
vectors, respectively; P¢ = F*GHV is the natural gas flow
injected into EH, and GHYV is the natural gas high calorific value;
Mg and ™" are the efficiencies of CHP for converting natural
gas energy into electric energy and heat energy, respectively;

#PT is the efficiency of the distribution transformer; #°® and

electricity heat

A

DT CHP GB

electricity gas
type-A EH

FIGURE 3 | Two typical types of energy hub.

electricity
A 4

electricity gas
type-B EH
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18 are the efficiency of the gas fired boiler and electrical boiler,
respectively; v, and v, represent the proportion of natural gas
feeding into GB and the proportion of electric energy feeding
into EB, respectively. The values of v, and v, lie between 0 and 1.
For type-A EH, v, = 0, and for type-B EH, v, = 0.

It can be observed from Eq.5 that the formula5 is
nonlinear. To reduce computational complexity, the auxiliary
variables are introduced to replace the nonlinear term with
an independent variable. Specifically, we introduce P°”, P,
P;eHP , PSP and P°® to represent (1-v,)n""P™, v n®P7,
(1=v)ng P, (1-v )y ""P" and v,qP", respectively.
Therefore, formula5 can be reformulated as the following
linearized equations:

L = PP+ pOYP, (6a)
Lhh — pEB P;lHP + POB, (6b)
Pehe — PDT/T]DT + PEB/T’]EB, (6C)
pehe — P;Hp/ﬂgeHP +PGB/’,]GB, (6d)

where PPT is the active power output of the distribution
transformer; Pg™ and P are the active power output of
CHP for converting natural gas energy into electric energy and
heat energy, respectively; P and P°® are the active power
output of the gas fired boiler and electrical boiler, respectively.

CHP - CHP ., CHP\pCHP
Furthermore, Py is equal to (g, Mg )Py,

3 RELIABILITY MODEL OF THE
INTEGRATED ENERGY SYSTEM

As the IES integrates DN and NGN, its reliability level is
influenced jointly by the operating state of DN and NGN as well
as the healthy state of the coupling equipment like EHs. Since
the failure of the coupling equipment could threaten the reliable
operation of both the electric power network and the natural gas
network, more efforts should be devoted to the investigation of
the impact of the coupling equipment on the overall reliability of
the entire IES.

3.1 Reliability Model of the System

Conventionally, the states of all components are represented by
the two-state model in evaluating the reliability of the whole
system. However, it fails to account for the actual operating
characteristics, transitional processes, and heterogeneity of
various components.

Generally, it is sufficient to use the two-state model to
represent most components. For instance, DN branches and
NGN pipelines are either in a full-up state or in a full-down state.
For some coupling equipment and energy sources, the derated
state, aks. partial failure mode, is commonly observed in practice,
and thus it is necessary to take the derated state into account as it
could exert a great influence on the overall reliability assessment.

The partial failure mode could last for a long period and could
eventually lead to the full-down state if not repaired, thereby
causing significant economic losses. The partial failure mode
could also be restored to the full-up state after repair. Therefore,
this paper proposes a novel three-state model that integrates
full-up state, full-down state, and derated state as illustrated in
Figure 4.

As previously discussed, the states of DN branches and NGN
pipelines can be described by the two-state mode as

Eq. 7a, and the states of other components like substation,
natural gas source and coupling devices including DT, CHP, GB,
EB are represented by the three-state model as Eq. 7b.

if full —up

1

Moo = {0 if full - down (72)
1 if full—up

u,,=1& if derated (7b)

0 if full - down

where u,, denotes the state of the component d at time ¢ described
by the two-state model, u,,, denotes the state of the component
m at time  described by the three-state model, and & represents
the ratio of the actual available capacity of the component m in
derated state to rated capacity in full-up state. & can be any value
between 0 and 1.

3.2 Influence of Repair Scheduling
Decision

After a component damage event, the system operator needs
to perform the damage assessment before mobilizing the
repair crew to repair the damaged components. The reliability
assessment is highly related to the repairment scheduling
decision (Arif et al., 2018).

To mitigate the impact of damaged components, the system
operator should determine the repair schedule decision by either
mobilizing the repair crew to immediately repair the damaged
components or delaying the repair for a certain period. If the
damaged component is in a full-down state, the repair should
be immediately performed so as to minimize load curtailment.
If the damaged component is in a derated state, the system
operator will invoke the optimal service restoration process
(which is introduced in the following section) to determine
the best moment for the repair taking into account the system
operating condition and load predication profiles in order to
achieve the minimal load curtailment.

The initial state of the component m is denoted by u,,, and is
known to the system operator. It is assumed that if u,, , = 1, then
the state of the component m is maintained as healthy for the
entire assessment horizon, e.g., one week. Thus, the initial state
of the component decides whether it needs to be repaired or not,
which can be represented as follows:

_[1 ifu,,=00r&

% = {0 ifu,,, =1 (82)
[ ifu,,=¢&

B = {0 ifu,,,=0orl (8b)
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1) Two-state model

FIGURE 4 | State space diagram of the component.

Derated

2) Novel three-state model

where «,, is the indicator that indicates whether the component m
needs to be repaired or not. Specifically, if initially the component
m is in a full-down or derated state, then it needs to be repaired
and a,, is set as 1. 8, is the indicator indicating whether the
repair of damaged component m could be delayed or not. If the
damaged component is in a derated state, then it does not need
to be repaired immediately.

Let T denote the reliability assessment horizon for the IES,
which is divided into T time intervals with the duration of
each time interval being 1h. Two binary variables y, , and
d,, are introduced to indicate the repair start time interval
and completion time interval. Particularly, y,,, =1 andd,,, =1
represent the repair of the damaged component m is started at
time interval ¢, and is completed at time interval t,, respectively.
For example, if the repairment of the component m starts
at t=1 and is restored at t=3, then y, =1{0,1,0,0,...,0},
d, =1{0,0,0,1,...,0}; if the component m does not need to be
repaired, then y =d, ={0,0,0,0,...,0}. Constraint Eq.9b is
enforced to guarantee only one of the y, , and d,,, will be set as 1
over the entire horizon if the component m is damaged.

Vs s Ay €{0,1} VmeN,, (9a)
T T
zym,t = zdm,t =q, VmeN,, (9b)
t=1 t=1

where N,, is a set of the coupling equipment and energy sources
in [ES. With the binary variables y, ,and d,, ,, the repair start time
and completion time can be represented by Yty, , and X td
respectively.

It is required that the derated component should be repaired
before reaching the maximum allowed operating time T, as
described by Eq. 10a since otherwise the derated component may
further be damaged to the full-down state. Eqs. 10b, 10c illustrate
the relationship between the repair start time interval ,ty, , and
the completion time interval ¥,td,  ,. Specifically, if the component
m is in a full-down state, its repairment completion time interval
is equal to the round up of the repairment start time interval plus
the required repairment time Tj, ,; if the component m is in a
derated state, its repairment completion time interval is equal

m,t>

to the round up of the repairment start time plus the required
repairment time T, .

T
Y Do < Tip B Vm €N, (10a)
t=1
T T
Z tdm,t 2 Z tym,t + Tfn,m‘xm + (Tdn,m - Tfn,m)/jm Vm € Nm’
t=1 t=1
(10b)
T T
Z tdm,t < Z tym,t + Tfn,m‘xm + (Tdn,m - Tfn,m)lgm +1-€ Vme Nm’
t=1 t=1
(10¢)

where € is a very small number.

The component state u,, , can also be viewed as the availability
of the component m. In particular, when u,,, = 0 either in full-
down state or during the repairment, component  is unavailable
at time interval ; when u,,, = 1 either the initial state is full-up
or it has been repaired, component m is fully available at time
interval t; when u,,, is equal to other value between 0 and 1,
component m is partially available. For instance, if u,, , = 0.5, only
half of the rated capacity of the component m can be used. To
derive the logical relationship between u,,, and d,, ,, we further
introduce an auxiliary binary variable y, , which indicates the
repairment state and can be represented by Eq. 11a. Then, u,,,
can be expressed as a function of x,, ,, d,, . and u,, ; as Eq. 11b.

VmeN,, (lla)

t
Xt = Z (ym,‘r - dm,‘r)
=1

t

um,t = um,O (1 _Xm,t) + (1 - um,O) Z dm,r

7=1

VmeN,. (11b)

The following three examples with different initial states are
used to illustrate the influence of the repairment scheduling
decision on the state/availability of each component m
represented by Eq. 11b. Suppose the required repair times T, ,
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and T,, , are 3h and 2h, respectively, and the maximum allowed
operating time T, for the derated state is 3h. If initially the
component m is in full-up state, it will be maintained in a full-
up state for the entire assessment horizon t=1{0,1,2,3,4,5}.
Hence, it does not need to be repaired. Consequently,
we have y =1{0,0,0,0,0,0} and d,, ={0,0,0,0,0,0,0}. Then,
according to (11a) and (11b), we have y = {0,0,0,0,0,0} and
u,, ={1,1,1,1,1,1,1} as illustrated by Figure 5A.

If initially the component m is in full-down state, the repair
should be started immediately at time t=0 and is completed
at time t=3 so as to minimize the load curtailment. After
that, it will return to the full-up state for the remainder of the
assessment horizon. Consequently, we have y = {1,0,0,0,0,0}
and d,, = {0,0,0,1,0,0,0}. Then, according to Eqs 11a, 11b, we
havey =1{1,1,1,0,0,0}and u,, = {0,0,0,1,1,1,1} as illustrated by
Figure 5B.

If initially the component m is in a derated state (for
instance, u,, , = 0.5), the optimal service restoration process will
be invoked (which is introduced in the following section) to
determine the best moment of repairment in order to achieve
the minimal load curtailment. The component m will remain in
the derated operating state until the repairment start time, i.e.,
t=1 in this example. When the repairment of the component
m is completed (i.e., t = 3 in this example), it will return to
the full-up state for the remainder of the assessment horizon.
Hence, we have y, = {0,1,0,0,0,0} and d,, = {0,0,0,1,0,0}. Then,
according to (11a) and Eq. 11b, we have y, ={0,1,1,0,0,0} and
u,, =10.5,0,0,1,1,1,1} as illustrated by Figure 5C.

4 RELIABILITY IMPROVEMENT AND
EVALUATION WITH OPTIMAL SERVICE
RESTORATION

4.1 Optimal Service Restoration Model

In order to improve the IES overall reliability, a novel optimal
service restoration (OSR) model is proposed, considering the
multi-state mode of various equipment. The optimal repair
scheduling decision in Section 2.2 is obtained by solving the OSR
model to mitigate the adverse impact caused by the failure of IES
components.

4.1.1 Objective Function

The objective of the OSR model is to minimize the overall load
curtailment cost, including electric load curtailment cost in DN,
natural gas load curtailment cost in NGN, as well as electric load
curtailment cost and thermal load curtailment cost in EHs, which
is formulated as follows:

T rNg N, Ny

minf= Y| YA APD+ > A, AFD, + 3 (A ALT + 1, ALY |,
t=1 i=0 n=1 k=1

(12)

where the first term is the electric load curtailment cost in DN,

the second term is the natural gas load curtailment cost in NGN,
and the last two terms are the electric load curtailment cost and

thermal load curtailment cost in EHs, respectively; AP}, AFy,,
ALZ’;, ALi‘th are the electric load curtailment of DN bus i at
time t, the natural gas load curtailment of NGN node n at
time ¢, the electric load curtailment of EH k at time t, and the
thermal load curtailment of EH k at time ¢, respectively; A,
Agw Aejo and A, are the corresponding unit curtailment costs;
N, and N,, are the total numbers of NGN nodes and EHs,

respectively.

4.1.2 Network Reconfiguration

When the IES is inflicted with damage, the networks can be
reconfigured such that the fault can be isolated and the load in the
unfaulted region can be transferred and supplied by other power
sources. As a result, the load curtailment can be reduced and the
overall reliability can be enhanced.

Practically, not every DN branch and NGN pipeline is
switchable. In fact, several buses/nodes are interconnected by
the non-switchable branches/pipelines. Hence, these buses/nodes
can be clustered as a bus/node block, and the bus/node blocks are
interconnected by the switchable branches/pipelines. Therefore,
to reduce the computational complexity, a virtual power/gas
flow model is adopted, taking into account the bus/node blocks
(Arif et al., 2019). To this end, the virtual load is introduced for
each DN bus block and NGN node block, which is essentially a
binary variable indicating the energization status of the DN bus
block and NGN node block. In DN, each bus block can only be
energized by the black-start power sources, e.g., substation and
CHP, through a connected energization path. Thus, for an isolated
network without black-start power sources, all internal nodes
are de-energized and all internal loads are un-served. Likewise,
each NGN node block can only be energized by the natural gas
sources through a connected energization path. The proposed
virtual power/gas flow model is introduced as follows:

&ir t z Viy = Xip + Z Vie Vi (13a)
(ik)eLR (kj)eLR

8,=0 Vie Qp\ {Qys), (13b)

—ty M < vy, < uy M Y (i,k) € LR ¢. (13¢)

Constraint Eq. 13a represents the virtual power flow balance
for each DN bus block/NGN node block, where g, is the output of
apower/gas source in block I at time ¢, v, , is the virtual power/gas
flow transferred from block i to block k, L is the set of the
switchable branches/pipelines, and X;, is the energization status
associated with the virtual load of block i. Constraint Eq. 13b
requires the outputs of the non-black-start power/gas sources to
be 0, where Q) is the set of the energy sources, Q4 is the set of the
black-start power sources in DN, and is the set of the natural gas
sources in NGN. Constraint Eq. 13¢ imposes the capacity limits
on the switchable branches/pipelines, where u , is the availability
of the switchable branch/pipeline connecting blocks i and k, M is
averylarge number. If the virtual load can be served by the energy
sources, then X; =1 (i.e., block i is energized); otherwise, X; =0
(i.e., block i de-energized).
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A 1 1 " - 1 1 Ly B 1 1 u"liﬂzo 1 1 Ly
t 0 1 2 3 4 5 t 0 1 2 3 4 5
Ym 0 0 0 0 0 0 Ym 1 0 0 0 0 0
dnm 0 0 0 0 0 0 dn 0 0 0 1 0 0
Am 0 0 0 0 0 0 xm 1 1 1 0 0 0
Um 1 1 1 1 1 1 Um 0 0 0 1 1 1
c 1 1 um0=0.5 1 1 Ly

t 0 1 3 4 5

ym 0 1 0 0 0

dm 0 0 1 0 0

Am 0 1 0 0 0

un 0.5 0 1 1 1

FIGURE 5 | lllustration of the relationship between y,,,, f,, and x,,,, U, when u,, , is different values, (A) is Uy, o = 1, (B) is Uy, o = O, (C) is Uy, o = 0.5.

4.1.3 Nodal Power Balance
The nodal power balance, gas balance, and EH load balance
equation can be formulated as follows:

Pie=PIS+ P!+ P — P — APY — APY, — (PP, — APD)
Vie N, (14a)

Qe = Qi +Qf + Q + Qf, - (Q - AP (QG/P]))

VieN,  (14b)
fu == EF = (B - AFD) VneN,  (14)
L = POl + PO + ALY VkeN,, (14d)
LY =PI+ PO + PP+ ALY VkeN,. (l4e)

Constraint Eq. 14a shows the composition of the nodal active
power injection, where Pgs, P, Pf " Pfft’e, P, are the active
power of subtation, WT, PV, EH and load at bus i at time
t, respectively; AP}, APz | are the amount of curtailed wind
power and solar power at bus i at time ¢, respectively. Constraint
Eq. 14b illustrates the composition of the nodal reactive power
injection, where Q/7, Q/, Qf 1> Q% Q) are the reactive power
of subtation, WT, PV, compensation devices and load at bus i at
time t, respectively. Note that the nodal reactive power load is
curtailed proportionally to the nodal active power curtailment.
Constraint Eq. 14c reveals that the nodal net gas injection f, ,
at node i is equal to the gas injection F; by the gas source
minus the gas consumption Fﬁig by the EH and nodal gas load
(FD,— AFD,), where FJ, is the required nodal gas load and AF),

is the curtailednodal gas load. Constraints Eqs 14d, 14e are

the electric power balance and thermal energy balance in EHs,
respectively.

4.1.4 Operational Security Constraints
Three categories of operational security constraints are
considered as follows:

. Operational limits for load curtailment
2. Operational limits for various devices include WT, PV, CHP, DT,

GB, and EB

. Network operational security constraints, including bus voltage

limits, node gas pressure limits, branch flow limits, and pipeline
flow limits

The abovementioned three categories of constraints can be
generalized as the following two mathematical inequalities.

AL™® < AL < AL™, (15a)
u, WM< W <u, W, (15b)
where AL =[APP,AFP, AL, AL, AL™  and  AL™

denote the upper and lower limits of AL, respectively. W =
[P Py, Pr AP, AP QUF, Qi QG Qs B Pl P Pry
PPV, om, Tl Pl 1" u,, denotes the state of the
component z at time £. W™ and W™" denote the upper and
lower limits of W, respectively. Here, P;ﬁiﬁ, chﬂf) . are the active
power output of the heat production and electricity production
of CHP, respectively; P,lth, Pkcf , Pff are the active power output of
DT, GB, EB in EH, respectively. V; , m, , are bus voltage in DN and
node pressure in NGN, respectively. T1;,, PI, , are the capacity of
branches in DN and pipelines in NGN, respectively. For example,
the bus voltage V;, in DN should be within the scope of the up
limit V™ and down limit V™" when it is energized. When it is

not energized, it is 0.
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4.2 Data-Driven Reliability Evaluation
Process

Based on the proposed optimal service restoration model, we
developed a data-driven reliability evaluation method for the IES
that integrates OSR and models the stochastic state transition
process using the historical measurement data of the smart
meters, whose flowchart is demonstrated in Figure 6.

The proposed reliability evaluation of the IES consists of eight
steps illustrated as follows:

Step(B1). We select the reliability assessment horizon T, which
is greater than the maximum restoration time of each component.

Step(B2). We enter IES component data and obtain the load,
WT, and PV prediction data for the entire horizon T.

Step(B3). The historical measurement data of the smart
meters is used to model the state transition probability of each
component. Then, we use the Monte Carlo simulation method to
get the initial state of the IES components according to the state
transition probability distribution.

Step(B4). We analyze DN and NSN topology.

Step(B5). We solve the optimal service restoration model.

Step(B6). We check if all scenarios are considered. If so, we
move to Step(B7); otherwise, we go back to Step(B3).

Step(B7). We calculate reliability evaluation indices. The IES
reliability evaluation indices used in the paper mainly include the
expected electricity not supply EENS, the expected gas not supply
EGNS, and the expected heat not supply EHNS. Their calculation
formulas are presented as follows:

T rNg Nep
EENS=Y) P(X)) [ZAPﬁ+ZALi”f], (16a)
XeE t=1 Li=1 k=1 '
T N,
EGNS= ) P(X)) ) AFD, (16b)
XeG t=1n=1
T Ny
EHNS= ) P(X)) ) AL, (16¢)
XeH t=1 k=1

where P(X) is the probability of the scenario X.
Step(B8) Output results.

5 NUMERICAL RESULTS

In order to verify the effectiveness of the proposed optimal
service restoration model and the proposed reliability evaluation
method, case studies on a test IES are carried out on the platform
of MATLAB using CPLEX as the MILP solver.

5.1 Test System Specification

The test IES is composed of the modified IEEE 33-node

distribution network (Group, 2010), the 11-node natural gas

network (Abeysekera et al., 2016) and two EHs, as demonstrated

by Figure 7, where EH1 is a type-A EH and EH2 is a type-B EH.
The base voltage of the IEEE 33-node DN is 12.66kV, and

the voltages in the case studies are expressed in per-unit value.

The parameter of the derated state & is assumed to be 0.5.
The upper and lower limits for the nodal voltage magnitude
are 0.95 and 1.05, respectively. The maximum and minimum
values of nodal pressure in NGN are 75mbar and 22.5mbar,
respectively. The capacity of the pipeline is 1600m°/h. The
parameters related to the coupling equipment and energy sources
in IES are shown in Table1, and the required repair times
for the damaged coupling equipment and energy sources are
summarized in Table 2. The assessment horizon of 1 week is
considered and the weekly profiles of electric load, gas load,
and thermal load are demonstrated in Figure 8, where the peak
electric load of DN and NGN can be found in (Group, 2010)
and (Abeysekera et al., 2016), respectively. In addition, the peak
electric load and heat load in EH are 600kW and 600kW,
respectively. Besides, the unit cost for electric load curtailment,
gas load curtailment, and thermal load curtailment are assumed
as 10$, 98$ and 10$, respectively.

5.2 Effectiveness of the Proposed
Three-State Model

In this subsection, the effectiveness of the proposed novel three-
state model considering partial failure mode is verified.

Table 3 lists the load curtailments in IES due to the damages
occurring to the coupling equipment and energy sources using
two different reliability models. As shown in the table, the load
curtailment from the two-state model without considering the
derated state is much greater than the load curtailment from
the proposed three-state model considering the partial failure
mode, which validates the effectiveness of the proposed three-
state model. The reason is that when a component is in a
derated state, it can still be operated for a certain period so
that the repair can be delayed to the moment when the net
load is relatively low. Therefore, the proposed three-state model
outperforms the conventional two-state model, as the proposed
three-state model can describe the states of components more
accurately.

5.3 Effectiveness of the Optimal Service

Restoration Model

To demonstrate the merits of the proposed optimal service
restoration (OSR) model, its performance is compared with
a benchmark approach without considering OSR, denoted as
NOSR, for the damages that occurred to different types of
components.

Table 4 summarizes the load curtailments in IES due to the
derated or full-down states of the coupling equipment and energy
sources using the proposed OSR model and the benchmark
approach to NOSR. As shown in the table, when the coupling
equipment and energy sources are in a full-down state, the
amount of load curtailments with the OSR model is the same
as that with NOSR. The reason is that when a component is in
a full-down state, it should be repaired immediately in order to
minimize the load curtailment. When the coupling equipment
and energy sources are in derated state, the amount of load
curtailments with OSR model is reduced substantially compared
to the load curtailments with NOSR since the repairment of
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FIGURE 6 | Reliability evaluation flowchart of IES.
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FIGURE 7 | Topology of the test IES.
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TABLE 1 | Parameters of IES components.

CHP CHP DT GB

Mge fgh 1 n 0t P P Ppr Py Pes' PGy’ Py Py’
0.3 0.4 0.99 0.8 0.6 1,000 0 600 —600 400 0 500 0
_— x10°
TABLE 2 | Reliability parameters of IES components. 12 T
Components Ty m(h) T, (h) T,,ﬁm(h)
CHP 30 36 16
DT 18 25 10 .
GB 18 21 16 s
EB 18 21 16 =
Substation 54 64 24 é
Natural gas source 32 40 16 =
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FIGURE 9 | Load curtailment due to the derated EH equipment using
o different methods.
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FIGURE 8 | Weekly variation profiles of electric/gas/thermal load.

the derated component is delayed to the best moment in term
of overall load curtailment using the proposed OSR model.
Therefore, the proposed OSR model is effective in reducing load
curtailment caused by the damage of the key components in
IES.

Figure 9 depicts the load curtailment due to the derated
coupling equipment using the proposed OSR method and the
NOSR method. It can be observed from the figure that when
the coupling equipment is derated, it mainly leads to electric
load curtailment and thermal load curtailment within the EH
and has little effect on DN and NGN. Besides, the proposed
OSR model could significantly lower the overall load curtailment
caused by the partial failure of CHP, DT, GB, and EB. Figure 10
shows the load curtailment due to the derated state of the
energy sources in IES using the proposed OSR method and

mainly affects the distribution network load and EH electric load
supply, and when the natural gas source is partially damaged,
it mainly influences the natural gas load and EH thermal load
supply. When the OSR method is applied, the load curtailment
is substantially lessened. Therefore, the proposed OSR method
is more favorable than the benchmark approach NOSR in
reducing the load curtailment due to the partial failure of key
components.

Table 5 lists the reliability evaluation indices of the test
IES with and without the optimal service restoration model
considering the fault scenarios of coupling equipment and
energy sources. In each scenario, only one fault is occurred to
the aforementioned components, either the full-down failure
of derated partial failure. We did not consider the possibility
of multiple faults occurring simultaneously on different
components as the probability of this scenario is relatively
low.

From Table5, it can be seen that the reliability index
EGNS is larger than EENS, and EENS is greater than EHNS.
Because in the test system, there is only one natural gas source.
When the natural gas source fails down, all gas loads are
curtailed, which leads to the high value of EGNS. In contrast,

Frontiers in Energy Research | www.frontiersin.org

11

July 2022 | Volume 10 | Article 934774


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Dai et al.

Reliability Evaluation of the IES

TABLE 3 | Performance comparision between the two-state model and the proposed three-state model.

Components Load curtailment with the two-state model (kWh) Load curtailment with the three-state model (kWh)
CHPA 4,860.40 3,906.46

CHP2 13,965.19 10,765.98

DT1 3,815.14 3,417.71

DT2 4,505.76 4,034.88

GB 1,330.09 1,035.73

EB 1,313.40 1,019.04

Substation 143,395.14 110,982.63

Natual gas source 282,533.93 204,924.09

TABLE 4 | Comparison of overal load curtailment under different methods.

Method Load curtailment with OSR (kWh) Load curtailment with NOSR (kWh)
Components Derated Full-down Derated Full-down
CHPA 2,274.10 3,255.38 3,906.46 3,255.38
CHP2 7,357.99 9,260.69 10,765.98 9,260.69
DTH 2,332.83 3,123.54 3,417.71 3,123.54
DT2 2,406.28 3,733.11 4,034.88 3,733.11
GB 498.39 810.27 1,035.73 810.27
EB 498.39 793.59 1,019.04 793.59
Substation 72,768.29 96,308.96 110,982.63 96,308.96
Natural gas source 153,344.05 203,249.82 204,924.09 203,249.82

X103

250

B A PP

Load Curtailment (kWh)

Substation Natural gas source

Component

FIGURE 10 | Load curtailment due to the derated energy sources using
different methods.

TABLE 5 | Reliability evaluation indices using different methods.

Method EENS (kWh/week) EGNS (kWh/week) EHNS (kWh/week)

OSR 7,291.23 12,947.51 3,178.58
NOSR 8,972.91 14,796.88 3,7566.12

the electric loads are served by the substation, PV, WT, and
CHP. Thus, even if the substation is out of work, some electric
loads can still be served by other power sources. The overall
thermal load level is much smaller than the electric load level
and gas load level, which results in a lower value of EHNS.
Besides, all reliability assessment indices EENS, EGNS, and EHNS
are substantially lowered when the OSR model is adopted,
which further verifies the effectiveness of the proposed optimal
service restoration model in improving the overall reliability of
IES.

6 CONCLUSION

This paper develops a novel reliability improvement and
evaluation method by integrating the three-state reliability
model and the optimal service restoration model. First, the
multi-energy flow model is introduced and linearized to
reduce computational complexity. Then, a three-state model is
proposed, taking into account the partial failure mode of the
IES components based on the conventional two-state model.
Furthermore, an innovative optimal service restoration model
is developed to determine the best repairment moment for
minimizing the overall load curtailment, and a data-driven
reliability assessment method is presented by incorporating the
optimal service restoration model. Finally, the effectiveness of the
proposed method is validated by the numerical results of a test
IES.
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